Electrophysiology has been one of the most important strategies in cardiac physiology since the mid19th century [1] . The methodology in this field has been improved with the development of electronics, and quite sophisticated techniques using extracellular electrodes, intracellular microelectrodes, and patch electrodes are now widely used. Recently, optical methods for monitoring membrane potential with fast voltage-sensitive dyes were introduced as a new powerful tool for studying cardiac electrical functions. In this article, optical studies of the electrophysiological function of the vertebrate heart are reviewed.
a preparation can be monitored simultaneously to provide spatially resolved mapping of electrical activity [12] [13] [14] . The former has made it possible to record spontaneous electrical activities in early embryonic precontractile hearts (for reviews see Kamino [14] [15] [16] ), and the latter has been applied for the mapping of the propagation patterns of electrical activities in the cardiac tissue, as described later. An additional advantage is that the optical signals reflecting membrane potential changes are not distorted by strong electrical stimulation, which always causes large artifacts in the recording of electrical activities using electrodes. This advantage is also useful in the optical studies of cardiac electrophysiology [17] [18] [19] .
VOLTAGE-SENSITIVE DYES
Optical methods for monitoring membrane potential activity are based on the observation that the optical properties, such as absorption, fluorescence, and/or birefringence, of giant axons of the squid (Loligo pealei) stained with certain dyes undergo changes in response to a change in membrane potential [10] . More than 1,500 dyes have been tested for their responses to changes in membrane potential in squid giant axon, and fluorescence, absorbance, and/or birefringence signals were found with about half of these [20] [21] [22] . This screening has resulted in the identification of merocyanine-oxazolone, merocyanine-rhodanine, oxonol, and styryl dyes that give signals large enough to be useful for monitoring rapid changes in membrane potential. As molecular transducers of changes in membrane potential into optical signals, these dyes have the advantages that (1) the signal-tonoise ratio is large enough to monitor the action potential in a single sweep in certain preparations, (2) the optical response follows a voltage change with a time constant that is sometimes Ͻ2.0 s with a linear relationship in the physiological range of resting potential Ϯ100 mV, and (3) pharmacological and photodynamic effects can be controlled. They have therefore been used to monitor rapid changes in membrane potential in a variety of living preparations [10] . The chemical structures of several fast voltage-sensitive dyes used in studies of cardiac electrophysiological functions are shown in Fig. 1 . Merocyanine-oxazolone, merocyanine-rhodanine, and oxonol dyes are used to measure absorption changes, and oxonol and styryl dyes are used to measure fluorescence changes.
For monitoring electrical activity as an absorbance signal in experiments on embryonic hearts, where the cell is very sensitive to small changes in the environment, we designed a new merocyanine-rhodanine dye, NK2761 [23, 24] . This dye was first synthesized by Nippon Kankoh-Shikiso Kenkyusho (Okayama, Japan) and is an analogue of dye XXIII [22] in which the alkyl chain attached to the rhodanine nucleus is replaced by a butyl group [23] . This dye is also found to be suitable for adult heart preparations [25, 26] and has several advantages over other dyes. Its molecular absorption coefficient is larger; thus a lower concentration of dye can be used for staining and any associated pharmacological effects can therefore be minimized. Furthermore, the bleaching time of the dye is long, and this property is advantageous, especially for the long continuous recordings needed to analyze rhythm generation and arrhythmias in the heart. Moreover, several new voltage-sensitive merocyanine-rhodanine dyes we have reported for the monitoring of embryonic neural activities [27] are also suitable for monitoring electrical activities of the early embryonic heart (T. Sakai, Y. Momose-Sato, K. Sato, A. Hirota, and K. Kamino, unpublished results) .
A voltage-sensitive oxonol dye, RH155, has been synthesized by Hildesheim and co-workers [28] . This dye also gives absorbance signals with a large signalto-noise ratio in our experiments. However, this dye is sometimes arrhythmogenic in early embryonic hearts (T. Sakai, H. Komuro, A. Hirota, and K. Kamino, unpublished results).
For experiments measuring fluorescence changes, styryl dyes such as RH421, di-4-ANEPPS, and di-8-ANEPPS [29] [30] [31] , which give good fluorescent signals, have been used recently. Nevertheless, because phototoxicity (i.e., photodynamic damage to the cell membrane) of these styryl dyes has been reported [32, 33] , long continuous recordings using these dyes should be carried out carefully.
Wavelength dependence
The size of the voltage-related optical signal (fractional changeϭthe change in intensity divided by DC background intensity) depends on the wavelength of the light [21-23, 34, 35] . Each voltage-sensitive dye has its own action spectrum. We have found that the action spectra of the merocyanine-oxazolone dye NK2367 [34] and of the merocyanine-rhodanine dye XVII [35] in cardiac muscle differed from those in the squid giant axon. These spectral properties are useful because they allow wavelength controls for the optical monitoring of electrical activity in various preparations. Furthermore, these spectra would be an important factor for analyzing dye-membrane interactions. With some dyes, Ross and Reichardt have also reported species-specific effects on the spectrum of the action potential signal [36] .
The action spectra in the tissues stained with NK2761 are usually biphasic with a decrease in absorption from 520 to 600 nm and an increase from 630 to 750 nm. The absorption change disappears at 610-620 nm ("null-wavelength," i.e., isosbestic point) and the change exhibits its largest value at 700 nm [23] . Figure 2A shows simultaneous measurements of optical (absorption) changes (top four traces) and electrical action potentials (bottom trace) in an atrium isolated from a bullfrog. The preparation was stained with NK2761. In this experiment, to minimize the contraction we used a bathing solution from which Ca 2ϩ was removed, as described later. The optical signals were recorded simultaneously from four different areas arbitrarily chosen in the preparation. The action potentials were recorded from a cell near the area where the top trace of the optical signals was recorded, using a microelectrode. As can be seen in -free Ringer solution. Note that the time course of action potential-related optical signal coincides with that of the action potential recorded with the microelectrode, and the action potential signal is completely eliminated at 610 nm, but the contraction-related component remains. In this and subsequent figures, the outputs of the individual detectors have been divided by the resting light level (DC-background intensityϭfrac-tional change [(⌬I/I ]). The direction of arrows on optical traces indicates a decrease in transmittance, and the length of arrows represents a stated value of fractional change. B: Fractional change in action potential-related optical signal and contraction-related signal as a function of wavelength. Here the optical signals used were of biphasic shape in a range of 610-700 nm, and the fractional change of contraction-related signal was larger than that of the action potential signal. Signals were recorded from a bulIfrog atrium preparation stained with NK2761 in a Ca 2ϩ -free Ringer solution. A graph was made by signals recorded from 1 position of a different preparation from that in A. All recordings were made in a single sweep at room temperature. Modified from Kamino et al. [15] and Komuro et al. [25] .
this figure, the action potential-related optical signal and the contraction-related optical signal, i.e., movement artifact, can be easily distinguished: The optical change consists of two components having different time courses. The time course of the first component coincides with the action potential recorded with the microelectrode, whereas that of the second component is somewhat later. The first component is wavelength dependent, and it is completely eliminated when a 610Ϯ9 nm interference filter is used, indicating that this component is an action potential-related optical signal. On the other hand, the second component, of which the size and the shape are various, is the contraction-related optical signal. The spectra of the action potential-related signal and the contraction-related signal are shown in Fig. 2B .
The spectrum of the voltage-dependent optical change may be related to the mechanism(s) of the voltage sensitivity of the dyes. Although the precise physicochemical mechanism has not been established for any dye, two possible mechanisms have been proposed: First is a shift in monomer-dimer equilibrium after a change in the rotational orientation of the dye molecules [37, 38] ; second is a charge-shift electrochromic mechanism in the dye molecules [39, 40] . Further analysis of the physicochemical mechanism(s) underlying the optical response to membrane potential changes may be helpful in designing improved voltage-sensitive dyes.
OPTICAL RECORDING SYSTEMS
Optical recording system using photodiodes First, for simultaneous optical monitoring of electrical activities, we applied discrete photodiodes to the early embryonic heart [23, [41] [42] [43] [44] . Light from the image of the heart was conducted to individual photodiodes, using fiber optics as light guides. The maximum number of photodiodes in this method was 16; thus the number of regions from which electrical activity could be simultaneously recorded was 16.
We then built an optical recording system with a 10ϫ10-element or 12ϫ12-element photodiode array for the heart [45-48] (for reviews see Kamino [14] [15] [16] ). A schematic diagram of the system with a 12ϫ12-element photodiode array is shown in Fig. 3 . This system is designed to detect changes in the intensity of light transmitted through the preparation. The system comprises four main parts: an optics system, a detection system, a multiple-channel recording system, and a computer. The preparation chamber is placed on the stage of a microscope mounted on a vibration-isolation table. Bright-field illumination is provided by a halogen-tungsten lamp driven by a stable direct current (DC) power supply. Incident light is collimated, rendered quasi-monochromatic with an interference filter, and focused onto the surface of the preparation by means of an aplanatic/achromatic condenser. An objective and a photographic eyepiece form a magnified real image of the preparation at the image plane. The transmitted light intensity at the image plane of the objective and photographic eyepiece is detected by using a 12ϫ12-square matrix array of silicon photodiodes. The output of each detector in the diode array was fed to an amplifier via a current-to-voltage (I/V) converter. The amplified outputs from 128 elements of the detector were first recorded simultaneously on a 128-channel recording system, then fed into a computer. In the experiments on the heart, long continuous recordings are often required for analyzing rhythm generation, so we used a multichannel data recording system that continuously The preparation chamber is mounted on the stage of a microscope. Bright-field illumination is provided by a 300 W tungsten-halogen lamp driven by a stable DC power supply. Incident light is collimated, passed through an interference filter, and focused on the preparation by means of a brightfield condenser. The objective and photographic eyepieces project a magnified real image of the preparation onto a 12ϫ12-element silicon photodiode array. The output of each detector in the diode array was fed to an amplifier via a current-to-voltage (I/V) converter. The amplified outputs from 128 elements of the detector were first recorded simultaneously on a 128-channel recording system, then fed into a computer.
stores digitized data for up to 6 h by using a videotape recorder.
Moreover, we have developed a new simultaneous 1,020-site optical recording system, using a 34ϫ34-element photodiode array [49, 50] . A schematic diagram of this system is shown in Fig. 4 . The outputs from 1,020 elements of the photodiode are fed into amplifiers via I/V converters, then passed to 32 sets of 32-channel analog multiplexers. Each output from the 32-channel multiplexers is fed into a subranging type analog-to-digital (A/D) converter system with a resolution of 18 bits and is sent to a computer. An example of the optical signals recorded from an isolated rat atrial preparation using this recording system is shown in Fig. 5 (T. Sakai, A. Hirota, and K. Kamino, unpublished results). In Fig. 5A , the simultaneously recorded 1,020 optical (absorption) signals corresponding to the spontaneous action potential are arranged so that their relative positions in the figure correspond to the relative position of the area of the preparation imaged onto the detectors. In Fig. 5B , magnified single traces obtained from three positions labeled with an asterisk (in the pacemaking area), a filled circle (near the pacemaker), and a filled square in Fig. 5A are shown. The arrowheads indicate the feet of action potentialrelated optical signals. Note that the slow diastolic deporalization was observed in the trace recorded in the pacemaking area (indicated by "pp"). The action potential-related optical signals are followed by the movement artifacts, as shown in Fig. 2 .
Optical recording systems with a 10ϫ10-element or 12ϫ12-element photodiode array have been also used for monitoring cardiac electrical activities by several groups [51-54]. Rohr and Salzberg adopted the optical recording system that was originally designed for the neurophysiological experiments with a 12ϫ12-element photodiode array for the optical monitering of electrical activities of cultured cardiac cells [55] . Müller et al. built an optical recording system with a 16ϫ16-element photodiode array to monitor excitation spread patterns in cardiac preparations [56] . Recently, Efimov and co-workers used the commercially available first stage of an optical detector with a 16ϫ16-element photodiode array [57] .
Rohr and Kucera have developed an optical recording system based on a fiber-optic image conduit consisting of 379 individual optic fibers as light guides [58] . In this system, a selectable subset of the light guides is connected to 80 discrete photodiodes. This design allows simultaneous optical recording from 80 regions of interest in a given preparation.
Laser scanning system
Single-channel optical recording systems with a laser light source have been used in the early studies of the optical recording of electrical activities of cardiac cells [59] [60] [61] [62] .
The multiple-point laser scanning system for the optical monitoring of cardiac electrical activities was first developed by Dillon and Morad [63, 64] . In this system, a laser beam is scanned over multiple points, using a pair of acoustico-optical devices controlled by a computer, and excites fluorescent emission from the dye; a single photodetector monitors the intensity from each point as the scan proceeds. Other groups have also developed similar optical recording systems and applied them to cardiac preparations [65] [66] [67] . 
CCD camera
The CCD camera has been used as a useful imaging device for cardiac electrical activities using fast voltage-sensitive fluorescent dyes [68] [69] [70] . The data resulting when this equipment is used should be interpreted carefully because the obtained "images" are often contaminated with artifacts due to the contraction of cardiac muscle, as described later. Furthermore, it should be noted that in the image it is quite difficult to evaluate the signal-to-noise (S/N) ratio of the optical signals, which is the direct index of the quality of data.
Optical recording system using fiber optics
Another type of optical recording system is one that uses fiber optics. A single optical fiber or a "fiberoptic pickup" consisting of a bundle of optical fibers is used. In the first, the excitation light to the preparation and the emission light from the preparation are transferred in a single optical fiber [71, 72] . At one end of the optical fiber, a dichroic mirror or a beam splitter is equipped to separate the excitation light from a laser light source and the emission light to a photodetector. The other end of the optical fiber is placed close to the preparation stained with a voltagesensitive fluorescent dye.
On the other hand, the "fiber-optic pickup" probe comprises a single optical fiber to deliver excitation light from the laser to the myocardium and six surrounding optical fibers to return the dye fluorescence from the myocardium to the photodetector [73, 74] . The pickup probe is placed close to the myocardium stained with a voltage-sensitive fluorescent dye. Although basically this type of recording system is not suitable for multiple-site optical recording, a 16ϫ16 array of pickup probes embedded in a flexible substrate was developed recently by Dillon's group [75] .
IDENTIFICATION OF ACTION POTENTIAL-RELATED SIGNALS AND CONTRACTION-RELATED SIGNALS
In optical recording, the movement of the preparation due to the contraction of the cardiac muscle is the most serious source of artifacts. When contraction coupled with electrical excitation occurs in cardiac muscle cells, contraction-related signals are inevitably added to the action potential-related optical signals due to changes in optical density, light scattering, and/or reflectance. It is easy to evaluate the contraction-related signals in the recording of absorption changes of the dye: When the wavelength of the incident light is "null-wavelength" in the action spectrum T. SAKAI and K. KAMINO of the dye, the optical signal consists of only the contraction-related component.
The ideal condition to obtain optical signals without contamination of contraction-related components is when the muscle contraction of cardiac preparations is completely suppressed without affecting the electrical properties of cardiac cells. Although it is quite difficult to completely suppress the contraction of cardiac muscle, several attempts have been made to reduce contraction-related components in the optical signals with minimum effect on electrical excitability.
The simplest method is a mechanical reduction of contractile movement. In experiments using the atrial preparation of frog and rat [25, 26] , we mounted the preparation on the bottom of the chamber with maximum stretch to reduce active tension. Salama and his co-workers positioned the whole heart preparation of a guinea pig between two glass windows of a chamber and placed two pads against the two other sides of the heart to reduce mechanical movement [76] .
We used low-Ca 2ϩ Ringer solution to reduce mechanical contraction for optical recording in the bullfrog heart, in which the contractile mechanism is activated by the influx of Ca 2ϩ accompanied by the action potential [25] . In contracting embryonic heart preparations, we used hypertonic extracellular solutions to reduce contraction for simultaneous recording of the action potential with intracellular microelectrode and the optical signal [34, 35, 77] .
In the adult mammalian heart, 2,3-butanedione monoxime (BDM, diacetyl monoxime: DAM) has been identified as a chemical that suppresses muscle contraction without substantial change in membrane excitability [78] . This chemical has been used to reduce the contraction-related components in optical studies, although the action potential is slightly affected by this agent and the mechanism of action is not so clear [79] . Recently, Zipes and his co-workers reported that cytochalasin D can be used for this purpose [80] . Figure 6 shows the effect of BDM on the optical (absorption) signals recorded from a rat atrial preparation stained with NK2761. In this figure, spontaneous optical signals recorded simultaneously from three different areas are represented. The left traces were obtained in a normal bathing solution without BDM at 700 nm, and the middle and right traces were obtained in the presence of BDM (20 mM) at 700 and 620 nm, respectively. The large contraction-related optical signals, which completely obscured the action potentialrelated signals in the left traces, were strongly suppressed in the presence of BDM, as shown in the middle traces. (Note the difference in the vertical scales for the control and for the BDM-containing solution.) In the latter condition, action potential related optical signals (indicated by arrowheads), which are wavelength dependent, are clearly recognized at 700 nm, and we can measure the timings of the feet of the action potential-related signals to map the conduction pattern of excitation [26] .
Note that the contraction-related signals are not always useless. The contraction artifact with a moderate size, which is due to light-scattering changes of the preparation, can be used as an index of the contractility of the cardiac muscle. By comparing the action potential-related component and the contraction-related component of the optical signals, we studied the characteristics of excitation-contraction coupling in the early embryonic heart [81] .
APPLICATION OF OPTICAL METHODS TO THE STUDY ON CARDIAC ELECTRICAL FUNCTIONS

Earlier studies
The first application of the fast voltage-sensitive dye to cardiac physiology was carried out by Salama and Morad using a merocyanine dye, Merocyanine 540 (Dye I). The result was published as a short note in 1976 [82] and as a full note in 1979 [83] . They subsequently developed a laser scanning system for multiple-site recording and, using an oxonol dye WW781 [22], they made the first optical mapping of the conduction pattern of excitation in cardiac preparations (ventricle and atrium of bullfrog and cat ventricle) [63] . In the first half of 1980s, some preliminary reports were also published by other groups [59] [60] [61] .
Early embryonic hearts
In 1978 our group started a series of studies on the functional organization of the heart during the very early stage of ontogenetic development, using optical methods (for reviews see Kamino [14, 15] ). The first report was published in 1979 [77] .
The ontogenetic approach to the generation of physiological events during natural development could be a useful and powerful strategy to study the heart: It would allow us to analyze progressively the complicated functional organization and architecture of the heart. However, the experimental analysis of early embryonic heart is technically difficult because the cells are extremely inaccessible. A microelectrode examination of embryonic heart cells is often difficult because of the small size and fragility of the cells. For this reason, electrophysiological studies of very early embryonic hearts have been hampered. Optical methods using fast voltage-sensitive dyes have therefore been introduced, and it has been possible to make recordings from embryonic hearts at very early stages of their development.
In the first series of studies, we established the application of optical methods for monitoring cardiac electrical activities and demonstrated the rhythmical appearance of action potentials in the very early embryonic chick heart, in which contraction is not observed, at the 7-to early 9-somite developmental stages (corresponding to 27 to 32 h of incubation), using a single photodiode together with merocyanineoxazolone and merocyanine-rhodanine dyes [34, 35, 77, 84] . We also showed the appearance of the pacemaker potential (i.e., the early organization of the pacemaking area) and the developmental changes in the heart rate [84] .
In the next step, introducing simultaneous optical recording that uses discrete photodiodes with light guides and an outstanding voltage-sensitive merocyanine-rhodanine dye NK2761, we demonstrated the conduction of action potentials from the pacemaking area in the early embryonic precontractile heart and the developmental translocation of the pacemaking area toward the right sinus primordium [23, 24] . We also demonstrated the flexibility of the regional pacemaking priority and the initial development of the conduction pattern of spontaneous action potentials [43, 44, 85] .
By using a 10ϫ10-element photodiode array, for the first time we have been able to monitor spontaneous electrical activity in prefused cardiac primordia in 6-and early 7-somite chick embryos (corresponding to about 25 h of incubation) [86] . This finding has established the ontogenetic origin of the electrical activities in the embryonic chick heart. Figure 7A shows a typical example of optical recordings of the spontaneous electrical activity in the prefused cardiac primordium in a 6-somite chick embryo. The preparation was stained with the merocyanine-rhodanine dye NK2761, and the optical recording was obtained simultaneously from many contiguous areas, using a 10ϫ10-element photodiode array. In this recording, optical signals can be clearly recognized in nine traces (indicated by arrowheads) obtained from the left primordium, using a 700Ϯ11 nm interference filter. The signal sizes were small and were estimated to represent fractional changes of Ͻ5ϫ10 Ϫ4 . The signal-tonoise ratio was Ͻ1.5 to 2.0. Nevertheless, these signals appeared rhythmically and were nearly synchronous among the traces. In addition, they disappeared when a 610Ϯ9 nm interference filter was used. No optical signals were obtained from the right primordium. Figure 7B shows a multiple-site optical recording with outputs of the individual detectors displayed in relation to disposition of the photodiode array elements with respect to an image of the heart. In this recording, the optical action signals were clearly found in 11 areas in the left cardiac primordium (indicated by filled triangles), suggesting that in this preparation electrically active cells were concentrated in the area surrounded by a dashed line.
The introduction of 10ϫ10-element or 12ϫ12-element photodiode arrays has made it possible to obtain fine and precise mapping of the electrical activity in embryonic hearts by using simultaneous multiple-site optical recordings of spontaneous action potentials. By means of this technique, pacemaking areas in the early embryonic chick hearts were quantitatively assessed with a spatial resolution of 15 to 30 m (see Kamino et al. [46, 47] for details). In the 7-to early 8-somite embryonic hearts, the location of the pacemaking area is not uniquely determined, and as development proceeds to the 9-somite stage, the pacemaking area becomes confined to the left pre-atrial tissue. The analysis of the simultaneous multiple-site optical recording showed that the pacemaking area was basically circular in shape in the later 8-to 9-somite embryonic hearts. The size of the pacemaking area was estimated to be 1,200 to 3,000 m 2 . We suggest that the pacemaking area comprises 60-150 cells and that the pacemaking area remains at a nearly constant size throughout the 7-to 9-somite stages. It is thus proposed that a population of pacemaking cells, instead of a single cell, serves as a rhythm generator in the embryonic chick heart [46-48, 87, 88] .
At this stage of development, spontaneous action potentials do not depend on a component due to a fast Na ϩ current, and they are best characterized as Ca 2ϩ -action potentials generated by the slow inward Ca 2ϩ current that is responsible for the plateau phase (phase 2) in the adult [89] . Furthermore, the rhythmicity also depends on external Ca 2ϩ : when the external Ca 2ϩ is partially replaced by Mg 2ϩ , the frequency of the spontaneous action potentials decreases strikingly [89] .
Throughout these works, we have been proposing that during the early phases of cardiogenesis, the formation of a regional gradient of pacemaker activity (i.e., a spatial gradient of intrinsic rhythmicity) results in the functional organization of the pacemaking area. To establish this concept, we have been carrying out a series of experiments that use congenital and experimentally produced embryonic chick double-hearts at the prebeating stages or just after the onset of beating, and we demonstrated the left-side dominance of pacemaking activity during these stages [90] [91] [92] . Recently, we further demonstrated a cephalo-caudal gradient with caudal dominance of pacemaker activity by using cultured embryonic chick multiple-hearts produced by microsurgical techniques [93] .
We have demonstrated that the first cardiac contraction starts at the right margin of the tubular ventricle in the middle period of the 9-somite stage of development and that the contracting area spreads to the entire region of the embryonic heart as development proceeds [41, 81] . We also revealed the characteristics of the excitation-contraction coupling in the early embryonic heart [81, 94] . In the 9-10-somite embryonic heart, where neither the transverse tubular system (Tsystem) nor the sarcoplasmic reticulum (SR) are differentiated, it is suggested that the contractile system is activated by Ca 2ϩ influx across the sarcolemma accompanying Ca 2ϩ -action potential and that a Na ϩ -Ca 2ϩ exchange mechanism participates in the relaxation phase of the heartbeat [81] .
We have also carried out experiments with early embryonic rat hearts and demonstrated the early ontogenetic events of functional organization in the rat heart [47]. In the rat embryo (Sprague-Dawley strain), the first spontaneous rhythmical action potentials are observed at the middle period of the 3-somite stage of development (9.5 d of gestation), and the first contraction begins in the center of the ventricle at the end of the 3-somite stage. Other characteristics of electrical activity in the early embryonic rat heart, such as ionic properties, regional synchronization, and radial conduction pattern, are basically similar to those in the embryonic chick heart. 
Adult hearts Optical mapping of the spread of electrical excitation.
Normal or physiological conditions. Optical mapping of the spread of excitation by use of a laser-scanning system was first reported by Dillon and Morad in the bullfrog heart (ventricle and atrium) in 1981 [63] . In this report, a preliminary result of the spread of excitation in the epicardium of the intact ischemic cat ventricle was reported. This was the first preliminary application of optical methods that used fast voltagesensitive dyes in the mammalian heart.
We independently started a study on the application of optical recording methods in the bullfrog atrium, and the first report on this, in which we used discrete photodiodes and a merocyanine-rhodanine dye (Dye XVII), was published in 1981 [95] . Subsequently, using an optical recording system with a 10ϫ10-element photodiode array together with NK2761, we have precisely mapped the propagation of spontaneous excitation from the physiological pacemaking area, resulting from data obtained from more than 700 positions in the atrial preparation, by sliding the photodiode array on the image of the preparation [25] . In this study, very precise maps of the excitation spread from the physiological pacemaking area in the bullfrog atrium were obtained. We also reported a mapping of the physiological pacemaking area and its regional shift in the bullfrog sinus venosus [96] .
Salama and his co-workers carried out optical mapping of the spatial patterns of activation, repolarization, and refractoriness in the epicardium of the Langendorff-perfused guinea pig heart preparation by using a 12ϫ12-element photodiode array [51, 76, 97] .
Using an optical recording system with a 16ϫ16-element photodiode array together with a voltage-sensitive styryl dye di-4-ANEPPS, Müller et al. demonstrated the microscopic conduction pattern of excitation in the isolated rat papillary muscle [56] . Recently, they have demonstrated the effect of flecainide on the excitation spread in the guinea pig papillary muscle [98] .
Efimov and co-workers carried out optical mapping of the excitation spread in the isolated rabbit atrium preparation, including the sinoatrial (SA) node and atrioventricular (AV) node, by using a 16ϫ16-element photodiode array and di-4-ANEPPS, and they reported the entrance pathways into the AV node [57] . Choi and Salama reported the optical mapping of the intranodal conduction pattern within the rabbit AV node and exhibited a conduction barrier between atrial and nodal cells, using a 12ϫ12-element photodiode array and di-4-ANEPPS [99] . Shortly after this report, a similar result was published by Efimov's group [100] .
We carried out an optical mapping study in the isolated rat right atrium preparation and demonstrated the activation pattern of the atrium from the physiological pacemaker in SA node based on the data obtained from more than 300 positions, using a 12ϫ12-element photodiode array [26] (also see Fig. 5 ). The results supported the concept of "non-radial" propagation i.e. the presence of "preferential routes" in the excitation spread pattern in the mammalian atrium.
Arrhythmic or pathophysiological conditions. Ventricular arrythmias: Dillon and Morad reported some arrythmic patterns in the spread of excitation, which indicated the reentry of excitatory waves, in the isolated rabbit ventricle by using a laser scanning system [64] .
Hill and Courtney also reported a map of the spread of excitation that indicated the reentry pattern in the guinea pig atrial flap, using a laser scanning system together with an oxonol dye WW781 [65] . Subsequently, Knisley and Hill reported the optical mapping of the initiation of reentry in the thin layer of the rabbit epicardial muscle preparation [101] .
Since 1990, Jalife and co-workers have conducted a series of optical studies on cardiac arrythmias. In their first report, they exhibited a two-dimensional vortexlike reentry of the excitatory wave in a slice preparation of sheep ventricular muscle [52], using an optical recording system with a 10ϫ10-element photodiode array and di-4-ANEPPS. They first used BDM for reduction of the contraction artifacts. Subsequently, they introduced a CCD camera as the photodetector [68] and reported fibrillation-like electrical activities in slice preparations of ventricular muscle dissected from sheep and dogs [102, 103] . In these reports, on the bases of a mathematical analysis of the experimental results with computer simulation and an analogy to Belousov-Zhabotinsky (BZ) reaction, they insisted that the spiral waves of excitation underlie the reentrant activities in the ventricular fibrillation. However, the thin slice preparations of ventricular muscle seem to be an oversimplified experimental condition for an analysis of the mechanism of ventricular fibrillation of the whole heart, and the analogy to BZ reaction seems inappropriate.
They carried out similar experiments in the Langendorff-perfused rabbit heart and mapped nonstationary vortex-like electrical activity on the ventricular epicardium [104] . The experimental results shown in this paper indicated that the patterns of excitation that spread during the ventricular fibrillation are much more complex than had previously been reported. Jal-ife and co-workers reported mathematical analyses on these phenomena in a more complex formula [105] .
A similar optical mapping of ventricular fibrillation in the isolated perfused dog heart was reported by Witkowski and his co-workers; they used a CCD camera and di-4-ANEPPS [106] . Recently, Lin et al. have reported an optical mapping of ventricular fibrillation in the Langendorff-perfused rabbit heart; they used a high-speed CCD camera and di-4-ANEPPS [107] .
Rosenbaum and co-workers reported an optical epicardial mapping of the ventricular tachycardia in the Langendorff-perfused guinea pig heart and analyzed the vulnerability to premature stimulation [108, 109] . They used a 12ϫ12-element photodiode array and di-4-ANEPPS.
Atrial arrythmias: We have demonstrated the circus-movement tachycardia evoked by electrical stimulation in the bullfrog atrial preparation by using a simultaneous optical recording method with eight discrete photodiodes and merocyane-rhodanine dyes (Dye XVII and NK2761) [110] . In this study, a ringshaped preparation was made by removing the sinus venosus (physiological pacemaker in the center of the preparation) and AV nodal cells to eliminate automatic activity from the atrium. After staining, optical recording was carried out in a Ca 2ϩ -free bathing solution. The circus-movement tachycardia was evoked by a premature stimulus coupled with the regular pacing at 1 Hz. The circus-movement pattern of the excitatory wave was clearly demonstrated by means of the simultaneous optical recording with eight discrete photodiodes placed circularly on the image of the preparation. It should be noted that optical recording methods with even a small number of recording sites is quite useful in analyzing the circus-movement tachycardia.
Furthermore, in the rat atrial preparation we have demonstrated abnormal conduction patterns of "tachycardia-like excitation" with the reentry of excitatory waves, using a 12ϫ12-element photodiode array and NK2761 [26] . Figure 8 shows an example of the tachycardia-like excitation evoked by a short train of current pulses (duration 1 ms, 10 Hz, 1 s) applied with a bipolar electrode placed on the preparation. In this figure, optical signals detected simultaneously from five different positions are represented in the five traces (a-e), and the timing of the current pulse is indicated in the bottom trace (Stim.). After the end of the train of pulses, the excitation appeared rhythmically with an interval of about 420 ms, which is much shorter than that of the spontaneous rhythm of the physiological pacemaker. This rhythmical excitation was sustained for about 10 s and spontaneously terminated. As can be seen in the traces at a higher sweep speed on the right, the timings of the feet of the action potential-related optical signals could be measured during this tachycardia-like excitation. The action potentials appeared in the order of a, b, c, d, and e, suggesting that the excitatory waves propagate in a counterclockwise direction around the ostium of the superior vena cava (indicated by "S" in the sketch of the preparation on the right of the traces).
As shown in Fig. 9 , we measured the timings of the feet of the action potential-related signals in the whole recording area and constructed the maps of the propagation of the excitatory waves. A schematic diagram of the conduction pattern is shown on the right, where the red curved arrows indicate the estimated pathway of the spread of excitation. From these maps, it is reasonable to deduce that the observed tachycardia-like excitation resulted from the establishment of a relatively stable circular pathway of the propagation of excitatory waves, i.e., a "macro-reentry pattern." Jalife's group reported an optical mapping of electrical activities during atrial fibrillation in the Langendorff-perfused sheep heart [111] [112] [113] . The conduction patterns observed in these experiments, which implemented a CCD camera and di-4-ANEPPS, were char-Optical Approaches to Cardiac Electrophysiology acterized by a combination of incomplete reentry, breakthrough patterns, and collision of waves. Therefore the electrophysiological event described in their reports is quite different from the "tachycardia-like excitation" in our report.
Culture cells. Fast and Kléber reported optical monitoring of electrical activity of the synthetic strands of neonatal rat cardiomyocytes on a "growthdirecting matrix"; they used a linear array of three photodiodes and a styryl dye RH237 [114] . This matrix was made on a glass coverslip coated in a voluntary pattern with photoresist, which prevents the attachment of cells. By means of cultivating neonatal rat ventricular cells on this matrix, a monolayer culture in a voluntary pattern can be attained [115] .
Rohr and Salzberg systemically characterized the dependence of impulse propagation on the geometry of the underlying excitable tissue on a microscopic scale by investigating the spatio-temporal pattern of the propagation of action potentials from a narrow cell strand to a large cell area [55, 116] . They used multiple-site optical recording methods with a 12ϫ12-element photodiode array and voltage-sensitive styryl dyes in conjunction with the culture method described above. These studies have been followed up by Rohr, Kléber, and their co-workers [54, 117, 118] (for reviews see Rohr [119] and Rohr et al. [120] ).
Recently, Entcheva and co-wokers have reported the optical monitoring of electrical activity in the monolayer of cultured neonatal rat ventricular myocytes; they used a fiber-optic image conduit consisting of 48 individual optical fibers as light guides and di-8-ANEPPS [121] . They showed the reentry of excitation around the artificial nonexcitable obstacle in a monolayer of cultured cardiomyocytes.
Electrical stimulation. Optical signals reflecting membrane potential changes are not distorted by electrical current for strong stimulation (e.g., defibrillation), which always causes large artifacts in the electrical recording of cardiac electrical activities. This characteristic is used for monitoring the true waveforms of membrane potential change evoked by the stimulation and mapping of their spatial distribution. T. SAKAI and K. KAMINO potential changes evoked by defibrillation shocks in the rabbit heart, using "optical pickup" and an oxonol dye WW781 [73, 122] . Subsequently, using a laser scanning system and WW781, he and his co-workers reported the two-dimensional patterns of the membrane potential change during defibrillation in the rabbit epicardium [123, 124] . Knisley and co-workers reported the two-dimensional distribution of membrane potential changes evoked by extracellular electrical stimulation in the isolated rabbit heart endocardially prefrozen with liquid nitrogen [125, 126] , and also in the Langendorffperfused rabbit heart [127] [128] [129] . They used a laser scanning system together with WW781 or di-4-ANEPPS.
Tung and co-workers have reported the spatial distribution of membrane potential change around the extracellular electrode in the isolated frog ventricle [17, 130] . They used a single-channel optical recording system with fiber-optics together with di-4-ANEPPS.
Recently, Efimov and co-workers have reported the optical mapping of membrane potential changes in the Langendorff-perfused rabbit ventricular epicardium, evoked by defibrillation shock applied with the electrode implanted in the right ventricle [131] [132] [133] . They used the 16ϫ16-element photodiode array and di-4-ANEPPS.
Combination of voltage-sensitive dye recording with other optical methods. Salama and co-workers reported an experiment of simultaneous optical recording of action potentials in the Langendorff-perfused guinea pig epicardium; they used a 12ϫ12-element photodiode array and three kinds of fast voltage-sensitive dyes [51] . In this study, by using the optical recording system they measured the spatial distribution of intrinsic fluorescence of NADH as an index of metabolism. They measured the time course of the NADH fluorescence during the episode of general anoxia induced by the perfusion of nitrogenated Ringer solution. They also mapped the regional distribution of the change in NADH fluorescence induced by the ligation of a branch of the coronary artery. These experiments are unique and important for expanding the utility of optical recording methods.
Recently, Fast and Ideker have reported the simultaneous optical mapping of transmembrane potential and intracellular calcium [134] . They stained the cultured cardiomyocytes with a voltage-sensitive styryl dye, RH237, and a calcium indicator, Fluo-3AM. The preparation was illuminated with a common excitation light for these dyes at 500 nm, and the emitted fluorescent light was separated by means of dichroic mirrors and filters on the basis of the emission spectra of the dyes. The intensity of the fluorescence passing through a 500Ϯ25 nm band-pass filter was measured as the calcium-related optical signal, and that passing through a Ͼ650 nm long-pass filter was measured as the membrane potential-related signal. A pair of 16ϫ16-element photodiode arrays was used as photodetectors. They simultaneously mapped the spread of the excitatory wave in membrane potential and a wave of intracellular calcium transient in a monolayer of cultured cardiomyocytes. This recording system is quite unique and useful.
CONCLUDING REMARKS AND PROGNOSIS
Recently, electrophysiological techniques have advanced in many ways, especially for studies at the cellular and subcellular levels, and the introduction of molecular biological methods has resulted in revolutionary changes in the paradigm for cellular/molecular cardiac electrophysiology.
As reviewed in this article, optical methods for monitoring membrane potential with fast voltage-sensitive dyes are powerful tools for studying cardiac electrical functions, overcoming many methodological difficulties and limitations in studies at the supracellular and/or system level. The optical mapping of cardiac electrical activity, using multiple-site optical recording techniques, gives us important and useful information about the electrical activities of the cardiac preparation as a functional system. This is an important advantage of the optical methods, especially in the analysis of pathophysiological phenomena in cardiac electrophysiology such as arrhythmias. The application of optical methods in this field will progress with the development of optical recording systems and voltage-sensitive dyes.
About 20 years have passed since optical methods for monitoring membrane potential with fast voltagesensitive dye were introduced in the field of cardiac electrophysiology. Through the use of these optical methods, several new frontiers in cardiac physiology, where reseach has been hampered by the limitations of conventional electrophysiological methods, have been explored. Optical methods are not complete, and improvement of the methods must continue. Many important problems in cardiac physiology will soon be enlightened with these optical methods.
Added in Proof: Recently, Choi and Salama have reported the simultaneous optical mapping of action potentials and intracellular calcium transients [135] . They used Langen-dorff-perfused guinea pig hearts stained with a voltagesensitive styryl dye, RH237, and a intracellular calcium indicator, Rhod-2 AM, and a pair of 16ϫ16-element photodiode arrays.
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